by regulatory loops involving the phytohormone cytokinin and stem cell identity genes. Concurrently, 23 cellular differentiation in the developing shoot is coordinated with the environmental and 24 developmental status of plastids within those cells. Here we employ an Arabidopsis thaliana mutant 25 exhibiting constitutive plastid osmotic stress to investigate the molecular and genetic pathways 26 connecting plastid osmotic stress with cell differentiation at the shoot apex. msl2 msl3 mutants exhibit 27 dramatically enlarged and deformed plastids in the shoot apical meristem, and develop a mass of 28 callus tissue at the shoot apex. Callus production in this mutant requires the cytokinin receptor AHK2 29 and is characterized by increased cytokinin levels, down-regulation of cytokinin signaling inhibitors 30 ARR7 and ARR15, and induction of the stem cell identity gene WUSCHEL. Furthermore, plastid 31 stress-induced apical callus production requires elevated plastidic ROS, ABA biosynthesis, the 32 retrograde signaling protein GUN1, and ABI4. These results are consistent with a model wherein the 33 cytokinin/WUS pathway and retrograde signaling control cell differentiation at the shoot apex. The development of land plants provides a unique opportunity to study how cell differentiation is 38 determined, as plant cell identity is highly plastic . A classic illustration 39 of plant cell pluripotency is the ability to produce a mass of undifferentiated cells referred to as callus. 40
In nature, callus production is triggered by wounding or exposure to pathogens . 41
In the laboratory, callus is typically induced by exogenous treatment with two phytohormones, 42 cytokinin (CK) and auxin (Skoog and Miller, 1957) . 43 44 Callus is frequently derived from meristem or meristem-like cells (Jiang et al., 2015; Sugimoto et al., 45 2011) . Meristems are small self-renewing pools of undifferentiated cells from which new organs are 46 derived as the plant grows (Aichinger et al., 2012; . Above ground, the 47 maintenance and regulation of the shoot apical meristem (SAM) is critical for the proper specification 48 and positioning of leaves (Barton, 2010) . SAM identity requires both the imposition of stem cell fate by 49 the WUSCHEL(WUS)/CLAVATA(CLV) signaling circuit (Fletcher et al., 1999; Schoof et al., 2000) and 50 the suppression of differentiation by SHOOTMERISTEMLESS (STM) (Endrizzi et al., 1996; Long et al., 51 1996) . We have been using an Arabidopsis mutant with constitutively osmotically stressed plastids (msl2 92 msl3 (Veley et al., 2012) ) as a model system to address the developmental effects of plastid 93 dysfunction. MSL2 and MSL3 are two members of the MscS-Like family of mechanosensitive ion 94 channels that localize to the plastid envelope and are required for normal plastid size, shape, and 95 division site selection (Haswell and Meyerowitz, 2006; . By analogy to family 96 members in bacteria (Levina et al., 1999) and plants (Hamilton et al., 2015) , and based on in vivo 97 experiments (Veley et al., 2012) , MSL2 and MSL3 are likely to serve as osmotic "safety valves", 98 allowing plastids to continuously maintain osmotic homeostasis during normal growth and 99 development. In addition, msl2 msl3 mutant plants exhibit small stature, variegated leaf color, and 100 ruffled leaf margins. These whole-plant defects can be attributed to plastid osmotic stress, as they are 101 7
To determine if MSL2 expression in the SAM and leaf primordia is required to prevent callus 139 production in the msl2 msl3 background, we examined apical callus production in msl2 msl3 mutant 140 plants expressing MSL2 from the SCARECROW (SCR) promoter, which is expressed in the L1 cell 141 layer of the meristem and leaf primordia (Wysocka-Diller et al., 2000) . As shown in Fig. 1H , apical 142 callus formation was fully suppressed in T2 msl2 msl3 SCRpMSL2 lines. While these plants 143 developed multiple sets of developmentally normal true leaves, the majority of T2 lines examined 144 exhibited reduced stature. 145 146 Cells and plastids at the apex of young msl2 msl3 mutants are morphologically abnormal 147
Closer examination of the apex of young (4-day-old) msl2 msl3 mutant seedlings revealed a cluster of 148 disorganized and heterologously shaped cells with low electron density at the expected location of the 149 SAM (Fig 2A) . Most cells within the cluster contained large, spherical, clear entities. In comparison, 150 the SAM cells of a wild type seedling were organized into cell layers and were electron-dense. We 151 next used transmission electron microscopy to further characterize the morphology of developing 152 chloroplasts and proplastids in the SAM and surrounding tissue of msl2 msl3 mutant seedlings (Fig  153   2B ). In the msl2 msl3 mutant, young chloroplasts were enlarged, lacked the lens shape of wild-type 154 chloroplasts, and exhibited a disorganized developing thylakoid network ( The production of shooty callus has been associated with increased production or availability of CKs 167 and an imbalance in the cytokinin: auxin ratio (Frank et al., 2002; Frank et al., 2000; Lee et al., 2004) . 168
Consistent with these observations, apical callus production, dwarfing and leaf phenotypes of the msl2 169 msl3 double mutant were strongly suppressed when seedlings were grown on media with the 170 synthetic auxin 1-naphthaleneacetic acid (NAA) (Fig. 3A, C) . The leaf epidermis of msl2 msl3 171 seedlings contain grossly enlarged and round non-green plastids, as visualized with the fluorescent 172 8 plastid marker RecA-dsRED (Haswell and Meyerowitz, 2006; Veley et al., 2012; Wilson et al., 2014) . 173
This phenotype was not altered by growth on 2 µM NAA ( Fig. 3B ), indicating that NAA treatment 174 suppresses callus formation downstream of effects on plastid morphology. In agreement with previous 175 data, growth on media supplemented with osmolytes fully suppressed the plastid morphology defects 176 (Veley et al., 2012) . Trans-Zeatin-riboside levels were increased ~6.5-fold in msl2 msl3 mutant 177 seedlings compared to the wild type, but IAA levels were not significantly changed ( Fig. 3D) . reduced in both 7 and 21 day old msl2 msl3 mutant seedlings compared to wild type, exhibiting 2 to 198 2.6-fold and 3-to 6-fold decreases, respectively. Transcriptional repression is specific to ARR7 and 199 ARR15 as transcript levels of two other A-type ARR genes, ARR4 and ARR5, were elevated in msl2 200 msl3 mutant seedlings compared to wild type. Hypocotyls from msl2 msl3 mutants did not efficiently 201 produce callus in vitro, indicating that an additional signal or signals are required to produce callus 202 outside the SAM in these mutants ( addition msl2 msl3 p5cs1-4 triple mutants exhibited 7 times more trans-Zeatin-riboside levels than 223 msl2 msl3 mutants ( Fig. 3D ). Supplementing growth media had no effect on callus production in msl2 224 msl3 double or msl2 msl3 p5cs1-4 triple mutants at any time point ( Fig. 4A ), even though msl2 msl3 225 p5cs1-4 triple mutant seedlings grown on 20 mM Pro for 21 DAG contained as much Pro as the msl2 226 msl3 double ( Fig. 4B ). 227 228 Thus, it is not the absence of Pro itself that leads to the enhanced callus production in the msl2 msl3 229 p5cs1-4 triple mutants. Instead, disrupting the process of Pro biosynthesis could enhance callus 230 formation in the msl2 msl3 mutant background if ROS accumulation were involved, as Pro 231 biosynthesis is a key reductive pathway that helps maintain cellular redox homeostasis (Szabados and 232 Savoure, 2010). To characterize the levels and localization of ROS in msl2 msl3 double and msl2 msl3 233 p5cs1-4 triple mutants, 7-, 14-, and 21-day-old mutant and wild-type seedlings were stained with 3, 3 234 diaminobenzidine (DAB) to detect hydrogen peroxide (H 2 O 2 ) or nitroblue tetrazolium (NBT) to detect 235 superoxide (O 2 -) ( Fig. 4C ). Both double and triple mutants accumulated high levels of H 2 O 2 and O 2 in 236 the SAM region relative to the p5cs1-4 single mutant or the wild type. Precipitate was visible earlier in 237 the msl2 msl3 p5cs1-4 triple mutant (by 14 DAG compared to 21 DAG in the in the double msl2 msl3 238 mutant). Quantitation of H 2 O 2 levels using an Amplex Red enzyme assay at these same time points 239 showed consistent accumulation of H 2 O 2 in the double and triple mutants, rising to nearly three-fold 240 10 over wild type by 21 DAG (Fig. 4D ). Levels of formazan, the product of NBT reduction by O 2 -, 241 increased in msl2 msl3 and msl2 msl3 p5cs1-4 to more than 2.5-fold above wild-type levels at 21 DAG 242 ( Fig. 4E ). Calluses generated by incubating Arabidopsis thaliana Col-0 root explants on Callus 243
Inducing Media also showed strong NBT staining in areas of cell proliferation ( Fig. S4 ), providing 244 evidence that ROS accumulation may be a general feature of callus tissue (Lee et al., 2004) . 245
246
The accumulation of superoxide in response to plastid hypo-osmotic stress is required for 247 callus formation in the msl2 msl3 background. 248
In plastids, the photoreduction of molecular O 2 generates O 2 -, which is then rapidly converted into 249 The percentage of seedlings with visible apical callus at 21 DAG was decreased to 50% or less in six 274 11 independent T2 lines segregating either wild-type (CSD2, lines #2, #4, and #7) or miR398 resistant 275 (mCSD2, lines #1, #3, #5) CSD2 over-expression constructs (Fig. 5D ). Approximately 50% of T2 276 seedlings showed strong O 2 accumulation by NBT staining, which was localized to developing callus, 277 compared to 90% of msl2 msl3 seedlings ( Fig. 5E ). 15-30% of seedlings in the CDS2 over-expression 278 lines exhibited both low levels of O 2 accumulation at their shoot apex and did not develop callus; less 279 than 5% of msl2 msl3 seedlings had these characteristics. Over-expression of CSD2 did not suppress development defects were strongly suppressed in a triple msl2 msl3 aba2-1 mutant, with only ~20% of 290 seedlings developing callus at the shoot apex by 21 DAG (Fig. 6A, B ). Similar suppression of msl2 291 msl3 aerial defects was observed in four other independently isolated msl2 msl3 aba2-1 triple mutant 292 lines. The msl2 msl3 aba2-1 triple mutant accumulated trans-Zeatin-riboside to levels similar to the 293 msl2 msl3 double mutant ( Fig. 3D ), suggesting that ABA and CK promote callus formation through 294 independent pathways. 295
296
To test if GUN1 is involved in the perception of signals generated by plastid osmotic stress, we 297 crossed the gun1-9 (Koussevitzky et al., 2007) allele into the msl2 msl3 mutant background and 298 analyzed the offspring of a single msl2 msl3 gun1-2 (+/-) mutant plant. Of twenty-seven triple msl2 299 msl3 gun1-9 seedlings identified by PCR genotyping, none formed apical callus when grown on solid 300 media, whereas 16 of 19 genotyped sibling msl2 msl3 gun1-9 (+/-) seedlings did. In 301 addition, msl2 msl3 gun1-9 triple mutant siblings produced larger, greener, and more normally shaped 302 true leaves than their msl2 msl3 and msl2 msl3 gun1-9+/1 siblings (Fig. 6C, D) . In some seedlings, 303 small and chlorotic true leaves developed at the seedling apex ( Fig. 6E, S5) . 304
305
The strong abi4-1 allele (Finkelstein et al., 1998) was also introduced into the msl2 msl3 background, 306 and msl2 msl3 abi4-1 mutants also exhibited reduced apical callus formation; only ~26% of msl2 msl3 307 abi4-1 seedlings from two independently isolated lines developed callus (Fig. 6F ). Neither leaf 308 12 developmental defects nor ROS accumulation was suppressed in the msl2 msl3 abi4-1 mutant, and 309 msl2 msl3 abi4-1 seedlings stained with DAB or NBT showed a pattern of ROS accumulation similar 310 to the msl2 msl3 double mutant (Fig. 6F, G) . These staining patterns were not observed in wild type or 311 abi4-1 single mutants. These results are consistent with a model wherein ABI4 functions downstream 312 of ROS accumulation, and likely in a pathway with GUN1, to induce apical callus formation in 313 response to plastid osmotic stress. 314 315 13 DISCUSSION 316 317 One of the most fundamental decisions a cell can make is whether to proliferate or to differentiate. In 318 the plant SAM, this decision must be spatially and temporally controlled, so that cells remain in an 319 undifferentiated, pluripotent state in the central zone of the meristem and then differentiate properly as 320 they are recruited into organs at the PZ. Here we use the msl2 msl3 mutant as a model system to 321
show that, in the Arabidopsis SAM, proliferation versus differentiation signals are coordinated not only 322 at the tissue-and cellular-level, but also at the organellar level. We further applied genetic, molecular, 323 biochemical, and pharmacological approaches to identify two non-redundant pathways through which 324 plastid osmotic stress may produce apical callus (illustrated in Fig. S6 ). 325 326 Plastid osmotic stress results in the production of callus at the plant SAM 327
Plants lacking functional versions of the mechanosensitive ion channel homologs MSL2 and MSL3 328 robustly produce callus tissue at the apex of the plant when grown on solid media (Fig. 1) . Molecular 329 complementation with MSL2 under the control of the SCARECROW promoter established that 330 MSL2/MSL3 are required only in the L1 layer of the CZ and/or PZ of the SAM to prevent callus 331 formation ( Fig. 2G ) and that their function is critical during the first 5 days after germination (Fig 1G, H) . 332
The production of apical callus in the msl2 msl3 mutant is associated with dramatically enlarged and 333 developmentally abnormal plastids specifically in the SAM ( Fig. 2A-F S6). The resulting imbalance in the cytokinin: auxin ratio may underlie callus formation in the msl2 344 msl3 background, as supplementing seedlings with exogenous auxin robustly suppresses all mutant 345 phenotypes ( Fig. 3A, C) without affecting plastid osmotic stress ( Fig 3B) . In addition, the CK receptor 346 AHK2 is required for efficient callus formation (Fig. 3E, F) . the wound-induced pathway and the meristematic identity pathway are interconnected pathways for 356 callus production. Furthermore, the msl2 msl3 double mutant is the only callus-producing mutant 357 identified to date with a primary defect in plastid-localized proteins, adding a novel regulatory aspect to 358 these known pathways, and suggesting that plastid osmotic stress is uniquely able to trigger these 359 pathways. While we favor the model shown in Fig. S6 , other interpretations are possible. Also 360 consistent with these data is a model wherein the msl2 msl3 lesions lead to down-regulation of TSD1 361 and/or TSD2, or up-regulation of WIND genes, either of which could disrupt the CK/WUS loop. 362 363
Plastid retrograde signaling is required for increased proliferation and the production of callus 364
Genetic lesions that reduce Pro biosynthesis significantly exacerbated callus production in the msl2 365 msl3 background, an effect that can not be attributed to low levels of Pro itself (Figs. 1E, 4A, B, S4) . 366
Instead, the hyper-accumulation of ROS that results from blocking Pro biosynthesis is required (Fig. 5 ). 367
Treatment with exogenous ROS scavenger TEMPOL as well as over-production of CSD2, a 368 chloroplast-localized superoxide-scavenging enzyme, prevented or reduced callus formation. Plastid 369 osmotic stress was required for ROS hyper-accumulation ( Fig. 5A-C) . In addition, the analysis of 370 callus formation in higher order mutants established that ABA biosynthesis, the retrograde signaling 371 protein GUN1, and the transcription factor ABI4 were required for callus formation and act 372 downstream of ROS (Fig. 6 , bottom pathway in Fig. S6 ). Because we were able to specifically 373 suppress callus production, ROS accumulation, and impaired leaf development by increasing 374 cytoplasmic osmolarity in the msl2 msl3 background, this phenotype is very unlikely to be due to a 375 loss of specific signaling by MSL2 or MSL3. We note that only a few of the genetic or pharmacological treatments that suppressed callus formation 394 in the msl2 msl3 mutant also suppressed the leaf developmental defects. Growth on exogenous auxin 395 was the only treatment to completely suppress all of the mutant phenotypes, while preventing CK 396 signaling, ABA biosynthesis, ROS accumulation, GUN1, or ABI4 function only partially rescued leaf 397 defects (Figs. 3E-F, 6A-E). It is possible that these differences are due to genetic redundancy or to 398 limited uptake or transport of TEMPOL. Alternatively, there may be two fundamentally different 399 processes that respond to plastid osmotic stress in the msl2 msl3 mutant: one that functions in the 400 SAM during early development, and one that functions later on in the leaves. In support of the latter 401 proposal, subjecting seedlings to mild hyperosmotic stress has been shown to prevent leaf cell 402 proliferation (Skirycz et al., 2011) . 403 404 msl2 msl3 mutants may provide a functional link between the CK/WUS feedback loop and 405 plastid retrograde signaling in controlling cell differentiation at the plant apex. 406
Our working model, illustrated in Fig. S6 , is that the production of apical callus in msl2 msl3 mutants 407 operates through two non-redundant pathways: the CK/WUS feedback loop and a retrograde signaling 408 pathway involving ROS, ABA, ABI4 and GUN1. While the data presented here establish that both of 409 these pathways are required for callus formation in the msl2 msl3 background, whether they operate 410 completely independently or are interconnected is not yet clear. Here we present them as separate 411 pathways; support for this comes from the fact that CK levels remain elevated in the aba2 msl2 msl3 412 triple mutant (Fig. 3D) , indicating that ABA biosynthesis is not upstream of the CK/WUS feedback loop. We speculate that two-way communication between plastids and cell differentiation is essential to 418 coordinate the developmental and functional state of the plastid with that of the cell within which it 419 resides, and that it therefore necessarily involves multiple pathways. These results add yet another 420 layer of complexity to the many regulatory pathways and feedback loops that govern dynamic cell 421 identity decision-making at the plant shoot apex, and provide a foundation for future investigation into 422 the relationship between meristem identity and plastid osmotic homeostasis in the SAM. 423
MATERIALS AND METHODS 424 425

Arabidopsis thaliana Mutants 426
The aba2-1 (CS156), abi4-1 (CS8104), p5cs1-4 (SALK_063517), p5cs1-1 (SALK_058000), ahk2-2 427 (SALK_052531), gun1-9, and msl2-3 alleles are in the Columbia-0 background. The msl3-1 allele is in 428 the Wassilewskija background (Haswell and Meyerowitz, 2006) . Derived cleaved-amplified 429 polymorphic sequence genotyping (Neff et al., 1998) Confocal microscopy of ds-RED labeled non-green plastids was performed as in (Wilson et al., 2014) . 445
Bright-field images were captured with an Olympus DP71 microscope digital camera and processed 446 with DP-BSW software. Apical meristems were ultra-rapidly frozen in a Baltec high-pressure freezer 447 (Bal-Tec HPM010), excluding air with packing buffer (75 mM PIPES, pH 6.8, 50 mM 448 sucrose). Samples were freeze substituted in 2% osmium/ acetone at -85°C for five days, slowly 449 thawed to 25°C over 16 hours, and embedded in Spurrs resin. One µm sections for phase microscopy 450 were stained 30 seconds with 1% Toluidine Blue O in 1% boric acid. Transmission electron 451 microscopy was done on thin sections of tissue fixed for 2 h in 2% glutaraldehyde, post-fixed 90 452 minutes in 2% osmium tetroxide and embedded in Spurr's resin. Sections were stained in uranyl and 453 lead salts. 454
455
ROS Detection and Quantification 456 18
Detection of H 2 O 2 using 3,3'-Diaminobenzidine (DAB, Sigma) was performed as described (Wu et al., 457 2012) with the following modifications. Whole seedlings were incubated for 2 hrs in 1 mg/ml DAB prior 458 to vacuum infiltration, incubated in the dark for an additional 12 hrs, then cleared with an ethanol 459
series. An Amplex Red Hydrogen Peroxide/Peroxidase Assay Kit (Invitrogen) was used to measure 460 H 2 O 2 production in seedlings. For in vitro localization of O 2 with Nitrotetrazolium Blue chloride (NBT; 461 Sigma), whole seedlings were vacuum-infiltrated with 0.1% (w/v) NBT in a 10 mM potassium 462 phosphate buffer (pH 7.8) containing 10 mM NaN 3 . After 1-hour incubation in the dark at RT seedlings 463 were cleared with an ethanol series. Quantification of formazan levels was performed as described in 464 (Myouga et al., 2008) . 
